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R311increase in step size on the
contralateral side of the body, turning
the fly towards the target.
Although this is a model for
visuomotor control, insects use a range
of different stimuli to locate objects in
the environment. For example,
cockroaches locate obstacles using
their antennal system [11]. If the
protocerebral bridge does represent
target locations relative to an insect,
the neurons are likely to integrate
visual, mechanosensory, olfactory and
auditory cues. Some insects also form
memories of locations — such as the
site of a food source — relative to
object positions [12,13]. If the model
is correct, these object locations
should also be represented in the
protocerebral bridge glomeruli. The
outputs of the protocerebral bridge
would have to be modified by
memories, presumably stored in the
mushroom bodies, to take the insect
to the food location rather than that
of the target.
Protocerebral bridge glomeruli
would produce a relatively coarse
representation of targets in the insects’
environment. With such a coarse
representation of targets, the routes
insects take towards a target shouldthen cluster together. Whether this can
be detected in behavioural data is
uncertain because routes to targets
may be initiated from different
orientations and there may be
considerable noise. It is also unclear
how such a representation would
account for the precise targeting of
conspecifics or prey during flight [14].
Nevertheless, the experiments and
model of Triphan et al. [7] offer valuable
new insights into the role of
protocerebral bridge during gap
crossing and its function in other
behaviours.
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E-mail: jen22@hermes.cam.ac.ukDOI: 10.1016/j.cub.2010.02.028Vesicular Traffic: A Rab SANDwichThe small GTPases Rab5 and Rab7 mark temporally distinct but sequentially
connected stages in phagosome maturation, but the mechanism underlying
the transition between these stages has been unclear. Recent studies in
Caenorhabditis elegans have now uncovered a new protein complex that
connects Rab5 to Rab7.Michal Bohdanowicz
and Sergio Grinstein*
Phagocytosis is essential for the
clearance of microbes, apoptotic cells
and extracellular matrix and, as a
result, is a cornerstone of innate
immunity, prenatal development and
tissue remodeling. In some respects,
phagocytosis is cell biology’s version
of capital punishment: it consists of
the imprisonment and subsequent
execution of cellular outcasts.
Phagocytic cells extend pseudopods
that trap and engulf target particles
into a membrane-bound vacuole or
phagosome. However, because it is
largely derived from the plasmamembrane, the nascent phagosome
is unable to kill and/or digest its prey.
The necessary microbicidal and
degradative properties are acquired
subsequently, through a complex and
carefully choreographed sequence of
fusion and fission events collectively
known as phagosome maturation.
A new study from Kinchen and
Ravichandran [1] now reports insights
into the regulation of a key transition
during phagosome maturation.
During maturation, the nascent
phagosome sequentially fuses with
early endosomes, late endosomes
and lysosomes, generating the early
phagosome, late phagosome, and
phagolysosome, respectively(Figure 1A). The early-to-late
phagosome transition is a critical
juncture; it is required for the
acquisition of degradative hydrolases,
for presentation of antigens by major
histocompatibility complex class II
(MHC II) molecules, and for full
acidification of the phagosomal lumen.
Indeed, some pathogens, like
Mycobacterium tuberculosis, survive
inside host cells and establish
chronic infections by preventing
this transition [2].
Two small GTPases, Rab5 and
Rab7, coordinate the early-to-late
phagosome transition. Rab5
associates with the early phagosome,
facilitates its fusion with sorting and
recycling endosomes, and regulates
its conversion to the late phagosomal
stage. Rab7, which is a marker for late
phagosomes, promotes phagosome
fusion with late endosomes and
ultimately with lysosomes. Despite
its importance, the mechanism
whereby early phagosomes shed


















































































Figure 1. Phagosome maturation involves several important transitions, with the Mon1–Ccz1 complex mediating the early-to-late phagosome
transition.
(A) An overview of phagosome maturation. The phagosome transitions from an early phagosome to a late phagosome and ultimately to a
phagolysosome as it fuses with organelles of the endocytic pathway, becoming progressively more acidic. Rab5 identifies the early phago-
some, from which Rab4 likely mediates fast recycling and Rab11 mediates slow recycling. Rab7 marks the late phagosome, which contains
intraluminal vesicles and connects the phagocytic pathway with the MHC class II presentation pathway. Rab7 and lysosomal-associated
membrane glycoproteins 1 and 2 (LAMP1 and LAMP2) associate with late endosomes, late phagosomes, lysosomes and also phagolysosomes.
Bulk catabolism occurs in the (phago)lysosomal compartments. Kinchen and Ravichandran’s findings [1] pertain to the Rab5 to Rab7 transition,
highlighted with the dashed outline. (B) A potential model of Kinchen and Ravichandran’s findings. Active or GTP-bound Rab5 recruits
Mon1, which in turn recruits Ccz1. Neither protein alone can interact with Rab7 but together they act (a) to dissociate Rab7 from its GDI and
(b) to recruit more Rab7, which we hypothesize could include membrane-associated Rab7. GDI, GDP dissociation inhibitor; GDP, guanosine
diphosphate; GTP, guanosine triphosphate; MHC II, major histocompatibility complex class II.
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R312phagosomes is still unclear. Attention
has focused on two protein complexes:
HOPS (homotypic fusion and protein
sorting) and CORVET (class C core
vacuole/endosome tethering).
These two complexes share a core
subcomplex consisting of four
Vps class C proteins (Vps11, Vps16,
Vps18, and Vps33) that in yeast are
necessary for vacuole (lysosome)
formation. In addition to this core,
the HOPS complex contains two
accessory subunits, Vps39 and
Vps41, which interact with the
mammalian ortholog of Rab7, while
the CORVET complex contains Vps3and Vps8 and interacts with the
ortholog of Rab5. The ability of
these related complexes to associate
with Rab5 and Rab7 suggested
a role in early-to-late endosome
or phagosome conversion.
Nevertheless, neither complex
has been shown to mediate the
Rab5 to Rab7 transition in metazoans
[3]. Although hVps39 interacts
with both Rab5 and Rab7 in a
non-phagocytic mammalian cell line
[4], in Caenorhabditis elegans not
only vps-39 but even the four VPS
class C genes that constitute the
core complex are dispensable forthe recruitment of Rab7 to the
phagosome [5].
In the new work, Kinchen and
Ravichandran [1] tried to identify
the elusive Rab5 to Rab7 transition
mechanism by studying the phagocytic
clearance of germ-cell apoptotic
corpses in C. elegans. The worm’s
genetic tractability, together with
the ability to detect corpses by
simple light microscopy due to their
particular refractility, make C. elegans
an attractive model to study the
molecular basis of phagocytosis.
During gametogenesis, more than half
of the worm’s germ cells undergo
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R313apoptosis and these corpses are
removed by phagocytic sheath cells;
anomalous clearance is suggestive
of abnormal phagosome formation
or maturation. Using this rationale,
Kinchen and Ravichandran [1]
performed a targeted reverse genetic
screen and identified SAND-1/Mon1
as being essential for proper corpse
clearance.
SAND-1/Mon1 was identified
previously as a protein required for
homotypic vacuole fusion in yeast [6]
and yolk protein endocytosis in
C. elegans [7], suggesting a role in
membrane trafficking and likely in the
maturation, but not the formation, of
phagosomes. Accordingly, Kinchen
and Ravichandran [1] report that
the elimination of SAND-1/Mon1
produced sealed phagosomes
containing uncharacteristically high
levels of Rab5 and, conversely,
reduced levels of Rab7. Silencing
the two mammalian orthologs of
SAND-1, namely Mon1a and
Mon1b, also resulted in incomplete
phagosome maturation, manifested as
incomplete acidification. Biochemical
studies next showed that Mon1a
binds the active, GTP-bound form of
Rab5. This tempted the authors to
test whether SAND-1/Mon1 tethers
Rab5 to Rab7. Mon1 itself, however,
did not associate with Rab7, indicating
the need for a binding partner.
Drawing on research in yeast that
showed that Mon1 interacts with
Ccz1 [6], they discovered that the
Mon1–Ccz1 complex recruits Rab7,
displacing the GDP-dissociation
inhibitor (GDI) from Rab7.
Kinchen and Ravichandran’s results
[1] suggest a model for the Rab5 to
Rab7 transition (Figure 1B). Active
Rab5 recruits Mon1, which associates
with Ccz1, and this complex acts as a
Rab7 GDI-displacement factor (GDF),
thereby recruiting Rab7. Presumably,
a separate protein would catalyze
nucleotide exchange to activate
Rab7, and appropriate effectors
would then promote organellar
fusion. The putative Rab7 guanine
nucleotide-exchange factor (GEF)
remains enigmatic. In yeast, Vps39
acts as a Rab7 GEF [8] and
knockdown of hVps39 in mammalian
cells results in enlarged Rab5 and
Rab7 compartments [4]; however,
its function as a mammalian Rab7
GEF has not been directly verified.
Whether any of the recognized Rab7
effectors, or others that are yet to beidentified, are responsible for
membrane fusion also remains to
be elucidated.
Mon1–Ccz1-mediated maturation
of phagosomes ostensibly requires
fusion of Rab5-bearing phagosomes
with late endosomes by a mechanism
involving Rab7. The ability of
Mon1–Ccz1 to serve as a GDF
suggests that Rab7 is recruited
from the cytosolic pool, where the
Rab7–GDI complex resides
(Figure 1Ba). On the other hand, late
endosomes and lysosomes are
endowed with Rab7 (Figure 1Bb) and
one might envisage that Mon1–Ccz1
links early phagosomes carrying
Rab5 to late endosomes bearing
Rab7. Alternatively, by recruiting
soluble Rab7 to transitional early
phagosomes, Mon1–Ccz1 may
facilitate the interaction with other
Rab7-containing organelles. There
is, indeed, precedent for homotypic
fusion of organelles bearing the same
Rab isoform: endocytic vesicles and
early endosomes, both of which
express active Rab5 on their surface,
are tethered by early endosome
antigen 1 (EEA1), which facilitates
fusion.
Like Rab7 activation, the mechanism
behind Rab5 inactivation in the
course of phagosome maturation is
also a conundrum. In mammalian
phagocytes, Rab5 is inactivated
upon or shortly after acquisition
of Rab7. Little is known about
the process that terminates
Rab5 function during maturation, but
phosphatidylinositol-3-phosphate
(PI3P) appears to influence the
process. Inhibition of Vps34, the class
III PI 3-kinase that generates PI3P,
causes phagosomes to retain Rab5
[9]. Of note, at least a fraction of Rab7
is nevertheless recruited to these
phagosomes, implying that the
Mon1–Ccz1 complex functions
independently of the products of
Vps34. Whether RabGAP-5 [10] or
another GTPase-activating protein
is involved in terminating the action
of Rab5 is unresolved, as is the fate
of PI3P. This phosphoinositide
disappears abruptly during the
Rab5 to Rab7 transition; it could
be dephosphorylated by
myotubularins and/or converted to
PI-3,5-bisphosphate by PIKfyve,
a PI3P 5-kinase. The relationship
between these phosphoinositides
and Mon1–Ccz1 will be interesting
to examine.Is Mon1 also involved in the
maturation of phagosomes formed
by professional phagocytes via
receptors other than those involved
in apoptotic cell clearance? Not all
phagosomes are equal; the mode
of particle internalization differs
for individual receptor types and
the path to maturation is also likely
to differ. Apoptotic cell clearance
is an ongoing, anti-inflammatory
process. In contrast, elimination
of pathogens must occur acutely
and is accompanied by antigen
presentation and an inflammatory
response. Whether the Mon1–Ccz1
complex functions in every type of
phagocytosis as well as in endosome
progression remains to be studied.
Defining the importance of the complex
in other systems would cement its
relevance as a key, possibly universal
mediator of the Rab5 to Rab7
transition.
Kinchen and Ravichandran [1]
provide convincing evidence for the
role of SAND-1/Mon1 in phagosome
maturation in C. elegans. Their
observations not only have
physiological significance, but also
potential implications for the
pathogenesis of infectious diseases.
Some bacteria have evolved
mechanisms to co-opt maturation,
either arresting the Rab5 to Rab7
transition, as in the case of
M. tuberculosis, or bypassing it [11].
Elucidation of the role of Mon1
in these systems could have
immense clinical and therapeutic
significance.References
1. Kinchen, J.M., and Ravichandran, K.S. (2010).
Identification of two evolutionarily conserved
genes regulating processing of engulfed
apoptotic cells. Nature, epub ahead of print.
2. Flannagan, R.S., Cosı´o, G., and Grinstein, S.
(2009). Antimicrobial mechanisms of
phagocytes and bacterial evasion strategies.
Nat. Rev. Microbiol. 7, 355–366.
3. Nickerson, D.P., Brett, C.L., and Merz, A.J.
(2009). Vps-C complexes: gatekeepers of
endolysosomal traffic. Curr. Opin. Cell
Biol. 21, 543–555.
4. Rink, J., Ghigo, E., Kalaidzidis, Y., and
Zerial, M. (2005). Rab conversion as
a mechanism of progression from early to
late endosomes. Cell 122, 735–749.
5. Kinchen, J.M., Doukoumetzidis, K.,
Almendinger, J., Stergiou, L.,
Tosello-Trampont, A., Sifri, C.D.,
Hengartner, M.O., and Ravichandran, K.S.
(2008). A pathway for phagosome
maturation during engulfment of
apoptotic cells. Nat. Cell Biol. 10, 556–566.
6. Wang, C.W., Stromhaug, P.E., Kauffman, E.J.,
Weisman, L.S., and Klionsky, D.J. (2003).
Yeast homotypic vacuole fusion requires
the Ccz1-Mon1 complex during the
tethering/docking stage. J. Cell Biol. 163,
973–985.
Current Biology Vol 20 No 7
R3147. Poteryaev, D., Fares, H., Bowerman, B., and
Spang, A. (2007). Caenorhabditis elegans
SAND-1 is essential for RAB-7 function in
endosomal traffic. EMBO J. 26, 301–312.
8. Wurmser, A.E., Sato, T.K., and Emr, S.D. (2000).
New component of the vacuolar class
C-Vps complex couples nucleotide
exchange on the Ypt7 GTPase to
SNARE-dependent docking and fusion.
J. Cell Biol. 151, 551–562.
9. Vieira, O.V., Bucci, C., Harrison, R.E.,
Trimble, W.S., Lanzetti, L., Gruenberg, J.,Schreiber, A.D., Stahl, P.D., and Grinstein, S.
(2003). Modulation of Rab5 and Rab7
recruitment to phagosomes by
phosphatidylinositol 3-kinase. Mol. Cell. Biol.
23, 2501–2514.
10. Haas, A.K., Fuchs, E., Kopajtich, R., and
Barr, F.A. (2005). A GTPase-activating
protein controls Rab5 function in
endocytic trafficking. Nat. Cell Biol.
7, 887–893.
11. Brumell, J.H., and Scidmore, M.A. (2007).
Manipulation of rab GTPase function byA B
Figure 1. Deer mice and their sperm.
Two very similar species of deer mice that both
trains and swim together. However, one species
lated sperm, while the other (B) has sperm t
a promiscuous species with sperm that prefe
sperm are mixed in the laboratory. Photo by E
monogamous and its sperm aggregate indiscrim
cific male. Photo by Shawn Carey. Both spermintracellular bacterial pathogens. Microbiol.
Mol. Biol. Rev. 71, 636–652.
Cell Biology Program, Hospital for Sick
Children and Institute of Medical Science,
University of Toronto, Toronto, Canada.
*E-mail: sergio.grinstein@sickkids.caDOI: 10.1016/j.cub.2010.02.030Cooperation: The Secret Society
of SpermIn the epic race for the egg, sperm have evolved cooperative teams that swim
together. New research shows that some do even more: sperm seek out and
swim with their relatives.Kevin R. Foster1
and Tommaso Pizzari2have aggregating sperm (insets), which form
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lo! thine own has reached the shore’’
Hindu Proverb
Evolutionary biology tends to
emphasize the competitive side
of sex. In pursuit of their reproductive
interests, males will compete with
females, females with females and
males with males [1,2]. Nowhere is
this focus more evident than in the
study of sperm competition among
the ejaculates of differentmales, arising
in the many species in which females
are sexually promiscuous [3]. Here,
natural selection has produced all
manner of byzantine traits that function
to allow one male’s sperm to outdo
another’s, such as fierce mate
guarding, post-copulatory plugs and
even genital scoops. But here, as for
other aspectsof themale–femaleunion,
one also finds evidence of cooperative
behaviours in which one individual
helps another to pass on its genes [4,5].
Of course, this is no reason to become
misty eyed. A perfectly sensible
response to strong competition is
to join forces with others to form a
stronger competitive unit. And this
is what appears to have happened
in the case of rodent sperm trains:
fast-moving aggregates of sperm
that in some species can out-swim
loners [6]. A new study [7] on deer
mice shows that — in addition to
cooperative advantage — these
sperm have evolved a second classicfeature of sociality: a preference for
relatives.
Examples of sperm cooperation
are not restricted to rodents and
encompass a number of other weird
and wonderful examples. Other cases
of sperm training range from the paired
sperm of the American opossum [8]
to massive sperm trains in fishflies
containing thousands of individual
sperm [9]. In addition, the males of
several invertebrate species produce
sperm of different types (sperm
heteromorphism): there are eusperm
that fertilize eggs and one or more
type of parasperm that — possibly
analogous to the sterile workers of
an insect society — have lost theirability to fertilize and instead benefit
the male by helping the eusperm
along their way to the egg [10]. But
why would natural selection favour
the evolution of cooperative sperm
that help one another to reach an
egg? One answer is that sperm are
simply slaves to a male’s interests.
Natural selection on the male (diploid)
genotype will favour maximizing his
fertilization success, even if this
means some sperm are sacrificed
for the greater good. However, it
is known that some genes carried by
the sperm (i.e. the haploid sperm
genotype) can also be expressed
and thus might affect sperm
behaviour [4,5,11]. This is important,
as it means that there is the possibility
for natural selection to act directly on
sperm and shape their behavior against
the interests of the male, should
conflicts arise. Note for the gentleman
reader: your sperm have the potential
to rebel.
The potential for both haploid and
diploid effects on sperm means that
